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During vertebrate mesoderm formation, fates are established according to position in the dorsoventral (D/V) axis of the embryo. Initially,
maternal signaling divides nascent mesoderm into axial (dorsal) and non-axial (ventral) domains. Although the subsequent subdivision of non-
axial mesoderm into multiple D/V fate domains is known to involve zygotic Wnt8 and BMP signaling as well as the Vent/Vox/Ved family of
transcriptional repressors, how levels of signaling activity are translated into differential regulation of fates is not well understood. To address this
question, we have analyzed zebrafish embryos lacking Wnt8 and BMP2b. Zebrafish wnt8; swr (bmp2b) double mutants display a progressive loss
of non-axial mesoderm and a concomitant expansion of axial mesoderm during gastrulation. Mesoderm induction and specification of the axial
domain occur normally in wnt8; swr mutants, but dorsal mesoderm genes eventually come to be expressed throughout the mesoderm, suggesting
that the establishment of non-axial mesoderm identity requires continual repression of dorsal mesoderm factors, including repressors of ventral
genes. Loss-of-function for Vent, Vox, and Ved phenocopies the wnt8; swr mutant phenotype, consistent with Wnt8 and BMP2b maintaining non-
axial mesoderm identity during gastrulation through the regulation of these three transcriptional repressors. We postulate that timely differentiation
of the mesoderm requires the maintenance of non-axial mesoderm identity by Wnt8 and BMP2b at the onset of gastrulation followed by
subdivision of the non-axial mesoderm into different functional domains during gastrulation.
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During embryogenesis, a complex series of regulated events
leads to the formation of the three germ layers: ectoderm,
mesoderm, and endoderm. The mesoderm gives rise to
structures such as notochord, muscles, kidneys, and blood in
a distinguishable pattern along the dorsoventral (D/V) axis
(reviewed in Schier, 2001; Kimelman and Griffin, 2000; Weng
and Stemple, 2003). While many aspects of mesoderm
induction and development are well understood, less is known
about the molecular events leading to the subdivision of the
mesoderm into D/V domains.
The overlapping activities of the Nodal and maternal h-
catenin pathways induce two initial mesodermal domains: axial
(or dorsal mesoderm), which constitutes the dorsal organizer
and gives rise to the prechordal plate anteriorly and notochord0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: alekven@mail.bio.tamu.edu (A.C. Lekven).posteriorly, and non-axial (or ventrolateral mesoderm), which
is the remainder (reviewed in Kimelman and Schier, 2002; Hibi
et al., 2002). Once established by Nodal and h-catenin activity,
the axial and non-axial mesoderm domains are further
delineated and maintained through mutual repression systems.
For instance, the dorsally expressed protein Bozozok (Boz)
prevents the transcription of the ventrally expressed genes
bmp2b and vox (Kawahara et al., 2000b; Leung et al., 2003;
Melby et al., 2000; Shimizu et al., 2002). Ventrally, the Vent,
Vox, and Ved homeodomain transcriptional regulators prevent
the transcription of boz and other dorsal genes such as
goosecoid (gsc) and chordin (chd) (Imai et al., 2001;
Kawahara et al., 2000a,b; Melby et al., 2000; Shimizu et al.,
2002). Although the mechanisms that define axial mesoderm
identity are becoming well defined, it is less clear how the non-
axial mesoderm becomes progressively subdivided into para-
xial, intermediate, and lateral plate domains.
In Xenopus, it has been postulated that graded BMP
signaling activity establishes nested domains of Xvent-1 and87 (2005) 237 – 248
www.e
M.-C. Ramel et al. / Developmental Biology 287 (2005) 237–248238Xvent-2 expression which establish zones within non-axial
mesoderm corresponding to paraxial and lateral plate regions
(Dosch et al., 1997; Onichtchouk et al., 1998). In support of a
role for Vent proteins in regulating the subdivision of non-axial
mesoderm, Xvent-1 was shown to directly repress Xmyf-5 in
the ventral non-axial mesoderm (Polli and Amaya, 2002).
Thus, Xvent-1 and Xvent-2 may establish two gross domains
within non-axial mesoderm (referred to as dorsolateral and
lateroventral in Dosch et al., 1997) in response to graded levels
of BMP activity. However, though attractively simple, this
model neglects the input of signaling by Wnt8, another known
input into the mesoderm patterning process and a known
regulator of vent/vox/ved genes (Friedle and Knochel, 2002;
Ramel and Lekven, 2004). Studies in Xenopus have suggested
that Xwnt-8 and BMP4 cooperatively pattern the mesoderm
and zygotic Wnt/h-catenin signaling can directly regulate
Xvent-1b (Friedle and Knochel, 2002; Hoppler and Moon,
1998; Marom et al., 1999). However, the relative roles of Wnt8
and BMP in this process, as well as their epistatic relationship,
remain unclear. Furthermore, it is unclear if the association
between vent/vox/ved expression and non-axial mesoderm
subdivisions is generally true for vertebrates since an associ-
ation between zebrafish vent (most similar to Xvent-1) and vox
(most similar to Xvent-2) and specific non-axial mesoderm
domains has not been established.
We have recently shown that zebrafish Wnt8 prevents the
expansion of the organizer though the direct transcriptional
regulation of vent and vox (Ramel and Lekven, 2004). Our
analysis further showed that BMP2b has a supporting role in
co-regulating vent and vox at the onset of gastrulation. In other
words, wnt8; swr double mutants fail to repress the anterior
axial mesoderm marker gsc in the nascent ventrolateral
mesoderm. This finding raises the possibility that Wnt8 and
BMP2b might both sit at the top of a genetic hierarchy required
for establishing non-axial mesoderm fates. To test this
possibility, we have characterized the wnt8; swr double mutant
phenotype. Our results show that, downstream of mesoderm
induction, Wnt8 and BMP2b function in parallel throughout
gastrulation to establish the non-axial mesoderm and its early
subdivisions. Wnt8 and BMP2b perform this function through
the combined regulation of the transcriptional repressors Vent,
Vox, and Ved. We postulate that Vent, Vox, and Ved may be
further involved in subdividing the non-axial mesoderm into D/
V domains during mid- to late gastrulation.
Materials and methods
Fish maintenance and strains
Animals were maintained as described previously (Westerfield, 2000).
Wild-type fish were AB. The strains used were: Df(LG14)wnt8w8/+ (also
called Df w8/+ or wnt8/+ in this study; Lekven et al., 2001), swrTC300/+
(swr/+; Mullins et al., 1996), Df ST7/+ (vent/+; vox/+ in this study; Imai et
al., 2001). All mutants are considered to be null or strong loss-of-function
(Lekven et al., 2001; Nguyen et al., 1998; Imai et al., 2001). To generate
wnt8/+; swr/+ animals, a wnt8 heterozygote was crossed to a swr
heterozygote. Progeny were individually screened for wnt8/+ and swr/+.
Double mutant embryos were confirmed by PCR genotyping as previously
described (Ramel and Lekven, 2004).In situ hybridization and probes
In situ hybridizations were performed essentially as described (Jowett,
2001). The probes used were: even-skipped-1 (eve1; Joly et al., 1993), cdx4
(previously cad1; Joly et al., 1992), tbx6 (Hug et al., 1997), T-box24 (tbx24;
Nikaido et al., 2002), ved (Shimizu et al., 2002), vox (Melby et al., 2000), chd
(Miller-Bertoglio et al., 1997), floating head (f lh; Talbot et al., 1995), boz (also
called dharma, Yamanaka et al., 1998), gsc (Stachel et al., 1993), myoD
(Weinberg et al., 1996), and no tail (ntl; Schulte-Merker et al., 1992).
Injection and morpholinos
Because previously reported translation blocking morpholinos (MOs)
targeted against wnt8 produce wnt8 phenotypes of variable penetrance and
expressivity (Lekven et al., 2001), MOs designed to block the splicing of wnt8
pre-mRNAs were utilized. Sequences are as follows (5V to 3V):
orf1 E1i1 MO: AATATGACTGTACCATGCTGTTGAC
orf1 exon3 MO: ATATTTAACTTACCACTCCGCAGGC
orf2 E4i4 MO: AACTGTTCTTACCAAGTCTGCCGTT
orf2 exon3 MO: CTTATGAATATCTTACCACTTCTCA.
Simultaneous injection of the four splice blocking MOs (2.5 ng/nL each)
gave results comparable to the translation blocking MOs but with higher
penetrance and expressivity as well as lower lethality. Furthermore, the
phenotypic effects of the splice blocking MOs were rescued by RNA injection
(see Supplemental figure). The ved MO has previously been described
(Shimizu et al., 2002). MOs were diluted as described in Danieau’s buffer
(Genetools, LLC) and injected into one- to four-cell stage embryos. To replicate
the wnt8; swr phenotype, the progeny from a cross between swr
heterozygotes were injected with wnt8 MOs to obtain wnt8 MO; +/+, wnt8
MO; swr/+, and wnt8 MO; swr/swr embryos. To achieve a vent/vox/ved
knockdown, embryos obtained from a cross between Df ST7 heterozygotes were
injected with ved MO (10 ng/nL). For the rescue of tbx24 expression in wnt8;
swr double mutants, the progeny from 3 to 4 wnt8/+; swr/+ intercrosses were
injected with vent RNA (7 ng/AL; higher concentrations can be toxic to
embryos and produce gastrulation defects, our unpublished observations). After
in situ hybridization, the embryos were individually photographed and
genotyped by PCR to identify the double mutants. In all injections, a volume
of approximately 3 nL was injected per embryo.
Results
Wnt8 and BMP2b act in parallel to control non-axial
mesoderm identity
Previous studies in Xenopus and zebrafish have suggested
that Wnt8 and BMP signaling interact during D/V patterning
and that they share common transcriptional targets (Ramel and
Lekven, 2004; Agathon et al., 2003; Hoppler and Moon, 1998;
Marom et al., 1999; Szeto and Kimelman, 2004). However,
there is also evidence that Wnt8 and BMP regulate independent
transcriptional targets. For instance, myf5 expression in
Xenopus is dependent on Xwnt8 but not on BMP (Marom et
al., 1999). If both pathways are required for unique as well as
combined patterning functions, then one would expect to detect
this when comparing single and double mutant phenotypes. To
this aim, we analyzed the phenotype of zebrafish embryos that
lack functional Wnt8 and BMP2b.
We first compared the bud stage morphology of embryos
resulting from wnt8 MO injection in the progeny of swr
heterozygotes (Fig. 1). swr mutant embryos are distinguished
Fig. 1. Wnt8 and BMP2b are required to maintain axial/non-axial polarity. Morphology of bud stage embryos. Genotypes are indicated above each column. A–D:
dorsal views. F– I: lateral views, dorsal right. Arrows in panels A–C indicate the width of the notochord when visible. Double arrows in panels F–I indicate the
length of the A/P axis, asterisks indicate rostral edge of anterior axial mesoderm. Note the shortened axis of wnt8 MO embryos (C, H) and the posterior displacement
of the axis in wnt8 MO; swr/+ embryos (D, I). wnt8 MO; swr/swr embryos display a large mass of cells at the animal pole (arrows in E and J) and do not have a
recognizable D/V polarity.
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shape (Figs. 1B, G; Mullins et al., 1996), which can be
attributed to altered convergence–extension movements of
non-axial cells (Myers et al., 2002). In contrast, wnt8
morphants have widened and poorly defined notochords
combined with deficiencies in trunk and tail mesoderm (Figs.
1C, H; Lekven et al., 2001; Erter et al., 2001). Furthermore,
axial mesoderm migration or extension appears to be affected
in wnt8 morphants as the body axis is significantly shortened
and is more posteriorly set than in wild type (compare Figs. 1H
to F, asterisks). When wnt8 MOs are injected into embryos
derived from a swr/+ intercross, two new morphological
classes emerge (Figs. 1D, E, I, J). wnt8 MO; swr/+ embryos
(Figs. 1D, I; genotyped by PCR, see Materials and methods)
display a shorter axis and more significant mesoderm
convergence defects compared to wnt8 morphants or swr/swr
embryos (compare Figs. 1D, I to B, C, G, H). Additionally, the
axis is more posteriorly set than in wnt8 morphants, and the
notochord is not easily distinguished in wnt8 MO; swr/+.
Despite this phenotype, D/V polarity is recognizable (Fig. 1I).
wnt8 MO; swr/swr embryos, in contrast, display a striking
morphology in which it is impossible to distinguish D/V
polarity (Figs. 1E, J). In addition, these embryos display a large
mass of cells at the animal pole (arrows in Figs. 1E, J). Thus,
reducing the gene dosage of bmp2b enhances the wnt8 MO
phenotype significantly.
To understand the morphology of the embryos described in
the experiment above, we analyzed the expression of various
molecular markers by in situ hybridization at bud stage. gsc
expression at this stage marks the prechordal plate mesoderm
(anterior axial mesoderm; Fig. 2A). While gsc is not
significantly affected in swr embryos (Mullins et al., 1996),
we found gsc expression to encircle the circumference of bothswr heterozygotes and homozygotes that were injected with
wnt8 MOs (Figs. 2D, E). However, the expansion of gsc
ventrally was much stronger in wnt8 MO; swr/swr embryos
(Fig. 2E). Interestingly, while it is difficult to morphologically
determine dorsal from ventral in these embryos, gsc staining
revealed that these embryos still preserve some D/V polarity in
the anterior mesoderm as gsc is more strongly expressed on
one side of the embryo (putative dorsal side; arrow in Fig. 2E).
This observation was confirmed with the anterior neuroecto-
dermal marker zic1 (not shown). gsc expansion at bud stage is
also consistent with our previous observation that it is
expanded around the circumference of wnt8; swr double
mutants at shield stage (Ramel and Lekven, 2004). In the
posterior part of the embryo, myoD expression marks the
adaxial cells (part of the paraxial mesoderm) that flank the
developing notochord at bud stage (Fig. 2F). swr homozygotes
have a slightly widened adaxial domain (Fig. 2G; Mullins et
al., 1996). Loss of Wnt8 results in a widened notochord (Fig.
2H; Lekven et al., 2001; Erter et al., 2001), and this widening is
accentuated in swr heterozygotes (Fig. 2I), confirming the
dominant enhancement of wnt8 morphants by the swr allele. In
wnt8 MO; swr/swr embryos, myoD expression was completely
abolished (Fig. 2J). The expansion of axial mesoderm observed
with gsc staining (Fig. 2E) was also illustrated by the analysis
of flh, which marks the notochord (posterior axial mesoderm).
While flh is expanded in wnt8 MO; +/+ and wnt8 MO; swr/+
embryos (Figs. 2M, N), it encircles the entire margin of wnt8
MO; swr/swr embryos (Fig. 2O). Additionally, flh expressing
cells do not extend as far anteriorly in wnt8 or wnt8; swr
embryos (Figs. 2K, M–O). Thus, in the absence of Wnt8 and
BMP2b function, markers of axial mesoderm fates expand
around the circumference of the embryo, and there is a
corresponding loss of non-axial mesoderm.
Fig. 2. Wnt8 and BMP2b are necessary to repress anterior and posterior axial mesoderm and to maintain non-axial mesoderm. In situ hybridization for gsc
(anterior axial mesoderm, A–E), myoD (adaxial mesoderm, F–J), and flh (posterior axial mesoderm, K–O) at bud stage. Genotypes are indicated above each
column. Main panels A–E: lateral views, dorsal right. Insets: dorsal view, anterior up. F–O: dorsal views, anterior up. Insets: posterior view, dorsal up. Note that
the slightly widened adaxial domain in swr mutants (G) and the progressive widening of the axial domain as wnt8 MO embryos have a reduced dosage of bmp2b
(C–E, H–J, M–O).
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induction for the maintenance of non-axial mesoderm fates
While non-axial mesoderm shifts to an axial fate in wnt8;
swr double mutants (as seen at shield stage (Ramel and
Lekven, 2004) and bud stage (Fig. 2)), it is unclear if this
reflects a defect in non-axial mesoderm induction or mainte-
nance. To address this, we identified when the wnt8; swr
phenotype is first visible.
no tail (ntl) is an early marker for mesoderm induction
(Sakaguchi et al., 2002). We found ntl to be properly induced
in wnt8; swr double mutants or in wnt8 MO; swr/swr embryos
at 30% epiboly (Fig. 3C). However, since ntl expression does
not distinguish axial and non-axial domains at this stage, we
also examined gsc and boz expression at blastula stages (dome
stage, 30%, and 40% epiboly). Neither gsc nor boz was
significantly expanded in the double mutants compared to
wild-type or wnt8 single mutants (Figs. 3D–F and data not
shown). In agreement with the expression of dorsal markers,
vent, vox, and ved are still expressed in the non-axial
mesoderm of double mutants at 30% and 40% epiboly, and
their expression was not observably different from wnt8
mutants (Figs. 3G–I and data not shown). These results
suggest that mesoderm induction occurs normally, and theinitial distinction between axial and non-axial domains is
normal in wnt8; swr mutants. The effects of both wnt8 and
bmp2b loss of function are first evident at 50% epiboly, at
which point gsc expression is visibly expanded compared to
wnt8 mutants (data not shown). Thus, the wnt8; swr
phenotype reflects a defect in the maintenance or reinforcement
of non-axial mesoderm identity beginning after 40% epiboly.
Loss of non-axial fates in wnt8; swr double mutants is not
phenocopied in vent; vox mutants
To more clearly understand the progression of the wnt8
MO; swr/swr phenotype, we looked at various non-axial and
axial mesoderm markers at gastrula stages. Since vent and vox
encode known repressors of dorsal fates that are regulated by
Wnt8 and BMP2b, we included vent; vox mutants (Imai et al.,
2001) in our analysis to evaluate whether regulation of these
two factors alone explains the wnt8; swr mutant phenotype.
At shield stage, chd and flh expression indicates the dorsal
axial mesoderm (Figs. 4A, G; Miller-Bertoglio et al., 1997;
Talbot et al., 1995). In agreement with previous results, both
genes are expressed in ventrally expanded domains in wnt8
mutants/morphants at this stage (Figs. 4B, H; Lekven et al.,
2001; Ramel and Lekven, 2004), but not in swr mutants (Figs.
Fig. 3. Wnt8 and BMP2b are required to maintain non-axial identity after 40%
epiboly. In situ hybridizations for ntl (A–C), boz (D–E), and vox (G– I).
Genotypes and stages are indicated. The pan-mesoderm marker ntl is induced
normally in wnt8; swr double mutants (C). The dorsal marker boz is expressed
in a wild-type pattern in wnt8 (E) and wnt8; swr embryos (F) at 30%
epiboly. vox is expressed at similar levels in wnt8 single mutants and wnt8; swr
double mutants at 40% epiboly (H, I). All panels: animal views, dorsal right.
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flh expression domains encircle the margin of shield stage
embryos lacking both Wnt8 and BMP2b function (Figs. 4D, E,
J, K). This effect is almost identical to that seen in shield stage
vent; vox mutants (Figs. 4F, L; Imai et al., 2001). One
significant though subtle difference between the wnt8; swr
and vent; vox phenotypes observed is that the ventral
expansion of flh is not as robust in vent; vox mutants as it is in
embryos lacking Wnt8 and BMP2b function (compare Figs. 4L
with J). As described below, this important difference reflects
the persistent specification of non-axial mesoderm in the
absence of Vent and Vox.
To determine whether the expansion of axial mesoderm
markers at shield stage is accompanied by the loss of non-axial
mesoderm markers, we examined the expression of eve1 and
cdx4 (Figs. 4M–W). eve1 is expressed in most of the non-axial
mesoderm at shield stage (Fig. 4M; Joly et al., 1993). It is
reduced in both wnt8 and swr mutants (Figs. 4N, O; Mullins et
al., 1996; Ramel and Lekven, 2004) and is completely absent in
the double mutants (Figs. 4P, Q). Similarly, cdx4, the expression
of which overlaps with eve1, is also reduced in wnt8 morphants
and swr mutants (Figs. 4T, U; the cdx4 gene is deleted in the
wnt8 deficiency so MOs were used to generate the wnt8
phenotype). cdx4 expression is absent in wnt8 MO; swr/swr
embryos (Fig. 4V). Surprisingly, both eve1 and cdx4 are
expressed at robust levels in vent; vox mutant embryos at shield
stage (Figs. 4R, W), which indicates that some non-axial
mesoderm is produced in vent; vox mutants. In further support
of this argument, eve1 and cdx4 regulation byWnt8 and BMP2bis paralleled by tbx6, a T-box gene expressed in involuting non-
axial mesoderm (Figs. 4X–CV; Hug et al., 1997).
To address the status of dorsolateral mesoderm domains in
wnt8; swr double mutants, we examined tbx24 expression
(Figs. 4DV–IV). The bilateral domains that give rise to paraxial
mesoderm are first indicated by tbx24 expression at shield
stage/60% epiboly (Nikaido et al., 2002). In wild-type 70%
epiboly embryos, tbx24 is expressed in two domains that each
extends over a ¨90- arc (Fig. 4DV). The loss of Wnt8 results in
a strong reduction in the observable number of tbx24 positive
cells, and the bilateral domains are shifted in position ventrally
such that the axial domain lacking tbx24 is expanded and the
ventral limits of the bilateral domains meet at the ventral
midline (Fig. 4EV). tbx24 expression in swr mutants shows the
same expansion toward the ventral midline, but the axial
clearing is not different from wild-type (Fig. 4FV). The number
of cells expressing tbx24 is not diminished in swr as it is in
wnt8 mutants/morphants (compare Figs. 4EV and FV). In
contrast to the single mutants, wnt8; swr double mutants or
wnt8 MO; swr/swr embryos have no observable tbx24
expression (Figs. 4GV, HV), which is consistent with the
expansion of axial fate markers. Interestingly, vent; vox
mutants retain both tbx6 and tbx24 expression, suggesting that
the non-axial mesoderm that forms in the absence of Vent and
Vox, though shifted ventrally in position, adopts a paraxial fate.
Since wnt8 is expressed normally in the absence of Vent and
Vox (Ramel and Lekven, 2004), these results (eve1, cdx4, tbx6,
and tbx24 regulation) highlight the fact that Wnt8 and BMP2b
have roles in non-axial mesoderm development besides the
regulation of vent and vox and may reflect the regulation of an
additional patterning factor (or factors).
Recently, a new member of the vent/vox family of
transcriptional repressors called ved was identified in zebrafish
(Shimizu et al., 2002). We found that its expression correlates
with the fate changes seen in the mutant backgrounds examined
(Figs. 4JV–OV). In wnt8 mutants, the mesodermal expression of
ved is reduced in intensity, while most of the epiblast staining is
retained (Fig. 4KV). In contrast, swr mutants display a strong
reduction in epiblast expression but normal marginal expression
(Fig. 4LV). wnt8 MO; swr/swr and wnt8; swr embryos, in
which all mesoderm expresses axial markers, do not express
detectable levels of ved (Figs. 4MV, NV). Importantly, vent; vox
mutants, which do retain expression of non-axial markers,
express ved in both epiblast and marginal regions, consistent
with previous reports (Gilardelli et al., 2004). Taken together,
these results suggest that a fate shift occurs in the mesoderm of
early gastrula stage wnt8; swr mutants such that non-axial fates
are not expressed while axial fates are expanded throughout the
entire mesoderm. Furthermore, this major fate shift is not due
solely to the loss of vent and vox expression but also correlates
with the regulation of ved.
Loss of non axial mesoderm in wnt8; swr mutants is replicated
by vent; vox; ved triple loss-of-function
Ved has been shown to function redundantly with Vent and
Vox (Shimizu et al., 2002) although the relationships between
Fig. 4. Both wnt8; swr and vent; vox double mutants display expansion of axial mesoderm, but only wnt8; swr embryos show loss of non-axial mesoderm. In situ
hybridizations for chd (A–F), flh (G–L), eve1 (M–R), cdx4 (S–W), tbx6 X–CV), tbx24 (DV– IV), and ved (JV–OV). Genotypes are indicated above each column. All
embryos are at shield stages except panels X–CV (60% epiboly) and DV– IV (70% epiboly). Both wnt8; swr (D, J) and vent; vox (F, L) double mutants show a loss of
axial mesoderm repression, although flh expansion is less severe in vent; vox mutants than in wnt8; swr mutants (arrow in panel L, compare to panel J). All non-
axial–mesoderm markers (eve1, cdx4, tbx6, tbx24, and ved) are strongly reduced or absent in wnt8; swr double mutants (P, V, AV, GV, MV) but are still expressed in
vent; vox mutants (R, W, CV, IV, OV). Asterisks in panels DV– IV represent the dorsal limit of tbx24 staining. (A–W) Animal views, dorsal right. (X–OV) Lateral views,
dorsal right, anterior up.
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To test whether ved expression is responsible for the
phenotypic differences between wnt8; swr and vent; vox
mutants, we examined the phenotype of embryos lacking Vent,
Vox, and Ved function (see Materials and methods). ved MOinjection in wild-type embryos consistently produced moderate
dorsalization as assayed by the expression of eve1, tbx24,
myoD, and flh (Figs. 5C, G, K, O, S). Injection of ved MO in
vent; vox mutants, however, resulted in a phenotype very
similar to wnt8; swr mutants. For instance, in the vent/vox/ved
M.-C. Ramel et al. / Developmental Biology 287 (2005) 237–248 243triple knockdown, the axial mesoderm marker flh is strongly
expressed around the circumference (and very strongly in the
most ventral region) of the embryonic margin at shield and bud
stages (Figs. 5D, T), a stronger phenotype than that observed in
vent; vox mutants (Figs. 5B, R). The expression of the non-
axial markers eve1, tbx24, and myoD was found to be almost
undetectable in the triple loss-of-function (Figs. 5H, L, P). We
also found that ved expression persists in the margin of vent;
vox mutants until at least bud stage (Fig. 5V). Thus, reducing
levels of Ved in a vent/vox loss of function background results
in the loss of non-axial mesoderm fates and the concomitant
expansion of axial mesoderm identity.
If the regulation of non-axial mesoderm patterning by
Wnt8 and BMP2b is mediated primarily through the
regulation of vent, vox, and ved, then ectopic expression of
any of these transcriptional repressors in wnt8; swr mutants
should rescue the mesoderm patterning phenotype since they
are thought to antagonize axial mesoderm genes in a
redundant fashion (Shimizu et al., 2002). To test this
hypothesis, we misexpressed Vent in wnt8; swr double
mutants and assayed the expression of tbx24 at 70% epiboly
(see Materials and methods). While uninjected wnt8; swr
embryos consistently display strongly reduced or absent tbx24
expression (Fig. 5W), 94% of wnt8; swr mutants injected
with vent RNA showed robust tbx24 expression (n = 16; Fig.
5X). In most of the rescued embryos, tbx24 was expressed in
the ventral half of the mesoderm but was not observed in a
wild-type pattern. Thus, the ability of Vent to rescue some of
the wnt8; swr phenotype suggests that Vent/Vox/Ved
function is indeed critical downstream of Wnt8 and BMP2b
to maintain non-axial mesoderm identity.
Vent and Vox function redundantly to repress adaxial
mesoderm
In Xenopus , paraxial mesoderm arises in a region
expressing Xvent-2 but not Xvent-1 (Dosch et al., 1997; Polli
and Amaya, 2002), but no clear relationship between vent,
vox, or ved and non-axial mesoderm patterning in zebrafish
has been demonstrated. Our analysis of the adaxial marker
myoD at bud stage points out a significant relationship
between Vent, Vox, and Ved in patterning the non-axial
mesoderm. In a vent; vox deficiency mutant at bud stage, the
mesoderm appears to express one of two identities: axial or
adaxial as indicated by the complementary patterns of flh and
myoD (Figs. 5N, R).
To confirm that this phenotype reflects the loss of vent and
vox in the deficiency, co-injection of vent +vox MOs at 5 ng/
nL each gives rise to an expanded myoD phenotype similar to
the one observed in the deficiency mutant (80%; n = 30; Fig.
6B) albeit with lower penetrance and slightly decreased
phenotypic severity. Injection of vent MO at 5 ng/nL results
in a mild widening of the myoD+ domains at bud stage (78%;
n = 28; Fig. 6C), similar to the phenotype of swr mutants at
bud stage where it is known that vent expression is not
maintained (starting at mid-gastrulation) while vox expression
persists (Mullins et al., 1996; Melby et al., 2000). Injection ofvox MO at 5 ng/nL also results in a mild widening of the
myoD+ domains (100%; n = 17; Fig. 6D). Thus, Vent and
Vox appear to function redundantly not only in repressing the
dorsal organizer (Imai et al., 2001) but also in repressing the
expression of the adaxial marker myoD ventrally during late
gastrulation.
Since ved is still expressed in vent; vox mutants at bud stage
(Fig. 5V) and is able to participate in axial mesoderm
repression, this implies that residual ved expression in vent;
vox mutants is not able to restrict adaxial myoD expression to
the cells immediately adjacent to the notochord. This observa-
tion therefore suggests that Vent, Vox, and Ved may not be
equivalent in their activities during non-axial mesoderm
patterning. To test this, we injected ved MO at 5 ng/nL, a
concentration sufficient to elicit widening of myoD upon vent
or vox MO injection. We observed no significant effect on
myoD expression: 88.5% of injected embryos displayed wild-
type myoD expression (n = 35; Fig. 6E). Thus, Ved by itself
does not appear to act in the non-axial mesoderm to repress the
adaxial myoD+ cells, unlike Vent and Vox.
To further address the issue of redundancy between vent,
vox, and ved, we analyzed the phenotypes resulting from
knocking down ved+vent or ved +vox (5 ng/nL concentra-
tion each). Upon ved + vent MO injection, 85.7% of
embryos showed a mild widening of the myoD+ domains
(n = 28; Fig. 6F), a phenotype very similar to embryos
injected with vent MO alone (Fig. 6C). Co-injection of
ved +vox MO resulted in two main phenotypic classes.
57.1% of embryos displayed mild widening of myoD similar
to that seen upon vox MO injection alone (n = 28; Fig.
6G), 35.7% displayed a stronger myoD expansion very
similar to the vent +vox MO phenotype (Fig. 6H), while the
rest (7.2%) looked like uninjected wild-type embryos. Thus,
it appears that the loss of two transcriptional repressors (out
of three) can give rise to the ventrally expanded myoD
phenotype if one of the lost repressors is Vox. These data
suggest that specific combinations of Vent, Vox, and Ved
activity are required for normal D/V patterning of the
mesoderm during gastrulation.
Discussion
In this study, we have shown that Wnt8 and BMP2b have
an essential role during zebrafish gastrulation in the
maintenance of non-axial mesoderm. The loss of Wnt8 and
BMP2b activity results in the progressive expansion of axial
mesoderm markers into the entire mesodermal domain
beginning at 50% epiboly. The phenotype of wnt8; swr
double mutants appears to be attributable to the loss of vent,
vox, and ved expression. Consistent with this, vent/vox/ved
triple knockdown replicates the wnt8; swr phenotype, and
ectopic expression of Vent is able to partially rescue non-
axial mesoderm development in wnt8; swr mutants. In
addition, our analysis of myoD expression upon vent, vox,
or ved knockdown suggests that these transcriptional
repressors also contribute to the subdivision of the non-axial
mesoderm.
Fig. 5. Knockdown of Ved in vent; vox mutants replicates the phenotype of wnt8; swr mutants. In situ hybridization for flh (A–D, Q–T), eve1 (E–H), tbx24 (I –L,
W–X), myoD (M–P), and ved (U–V). Genotypes are indicated. A–H: shield stage, animal views, dorsal right. I –L, W–X: 70% epiboly, lateral views, dorsal right.
M–V: bud stage, dorsal view (M–T) or lateral views, dorsal right (U–V). Insets M–T: vegetal views, dorsal up. Insets U–V: vegetal view, dorsal right. flh
expression in vent; vox mutants is expanded ventrally but not in a robust fashion (arrow in panel B, inset in panel R). Injection of ved MO in vent; vox mutants results
in a stronger expansion of flh (arrow in panel D, inset in panel T). The expression of the non-axial mesoderm markers eve1, tbx24, and myoD is strongly reduced in
the vent/vox/ved triple knockdown (H, L, P). At bud stage, vent; vox mutants still display ved expression at the margin but not in the future epidermis (U, V).
Injection of vent RNA in wnt8; swr double mutants does restore some tbx24 expression but does not rescue the phenotype to wild-type (W, X, compare to I).
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Fig. 6. Vent and Vox function redundantly to repress myoD expression. A–H: In situ hybridization for myoD at bud stage. Dorsal views, anterior is up. Insets
show dorso-vegetal views, dorsal up. Injected morpholinos are indicated above each panel, all morpholinos were injected at 5 ng/nL each. The percentage of
treated embryos displaying the phenotype shown in each panel is indicated. Horizontal bars indicate width of adaxial myoD+ domain. Vent and Vox double
knockdown recapitulates the Df st7 phenotype (B), while knockdown of Vent or Vox individually results in a mild phenotype (C, D). ved-MO-injected embryos
display a wild-type myoD pattern (E). Double morphant combinations (B, F, G, H) show that the loss of Vox+Vent or Vox+Ved gives rise to a ventrally
expanded myoD (arrow in insets).
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impart non-axial identity during gastrulation
The relative roles of Wnt8 and BMP signaling in
mesoderm patterning have been difficult to decipher, likely
due to the fact that they function in parallel and can affect
each other’s expression (Hoppler and Moon, 1998; Marom et
al., 1999; Mullins, 1999; Ramel and Lekven, 2004;
unpublished results). Our results show that Wnt8 and BMP
both regulate D/V patterning but differently; their differential
activities are revealed in loss-of-function contexts and when
examined with respect to the temporal control of patterning.
For example, vent expression in the embryonic margin
becomes primarily dependent on BMP signaling but only
after 70% epiboly (Melby et al., 2000); prior to this stage,
vent is primarily dependent on Wnt8 (Ramel and Lekven,
2004). vox expression in the margin does not rely
significantly on BMP activity, although its expression in
the ectoderm does (Melby et al., 2000). ved appears to be
regulated similarly to vox (this study; Melby et al., 2000;
Shimizu et al., 2002), although the expression of ved has
been reported to be under both positive and negative
regulation by BMP, Vent, and Vox in a temporally dynamic
fashion (Gilardelli et al., 2004). These results also raise the
question of whether regulating vent, vox, and ved explains
all of Wnt8 and BMP function. This may be a difficult
question to answer since Wnt8 and BMP activity is required
first to establish the mesodermal domain that they subse-
quently act upon during gastrulation. Nonetheless, several
pieces of data suggest that each pathway has unique
functions in mesoderm development. For example, swrmutants have a characteristic dorsalized phenotype that
develops in the presence of Wnt8 activity (Ramel and Lekven,
2004). Furthermore, wnt8 mutants have a characteristic loss of
posterior mesoderm that cannot be attributed to modulation of
BMP activity since this phenotype is not observed in gastrula
stage swr mutants (Ramel and Lekven, unpublished), and recent
studies suggest that this function of Wnt8 may be mediated by
Cdx1a/Cdx4 and Sp5/Sp5l (Shimizu et al., 2005; Thorpe et al.,
2005; Weidinger et al., 2005). Understanding these relationships
will significantly enhance our understanding of mesoderm
patterning and development.
Regardless of the precise control mechanisms, Wnt8 and
BMP signaling are essential for establishing the non-axial
mesoderm domain, which forms as a consequence of the
repression of axial mesoderm gene expression. We observed
that the phenotype of wnt8; swr mutants develops between
40 and 50% epiboly, corresponding to the temporal loss of
vent/vox/ved expression. These findings suggest that the
establishment of ventral fates may be viewed as a permissive
event, similar to the view of neural induction resulting from
the inhibition of ectodermal BMP activity. Based on the
results presented here, we propose a model for non-axial
mesoderm establishment and patterning that views this
process as a temporally regulated establishment of transcrip-
tional repression domains. After mesoderm induction and
specification of the Nieuwkoop center (Fig. 7A), Wnt8/
BMP2b-dependent regulation of vent, vox, and ved functions
to antagonize the acquisition of axial identity within a non-
axial domain (Fig. 7B). Because of several mutually
repressive interactions, axial and non-axial domains within
the margin are defined.
Fig. 7. Progressive specification of mesoderm domains in zebrafish. (A) Nodal
signaling relays a maternal signal to induce most of the mesoderm with the
exception of the most ventral mesoderm (indicated as dashed arrow). Dorsally,
h-catenin signaling acts as an axial mesoderm-inducing factor. (B) Axial vs.
non-axial mesoderm domains are maintained through two repression systems.
In the non-axial mesoderm, Wnt8 and BMP2b co-regulate vent, vox, and ved
expression (thick arrow), which in turn represses the expansion of axial gene
expression. Wnt8 and BMP2b may also maintain non-axial mesoderm though
direct co-regulation of other non-axial genes (thin arrow). The axial mesoderm
does produce factors that inhibit BMP2b expression (Imai et al., 2001), but
wnt8 is still expressed in vent/vox/ved triple knockdown (data not shown). (C)
Subdivision of non-axial mesoderm depends on a gradient of BMP signaling
and differential effects of Vent, Vox, and Ved. Vox is absolutely necessary for
the repression of the adaxial mesoderm and functions redundantly with Vent
and Ved in this process. Repression of paraxial mesoderm is likely due to an
additional factor or a combination of factors (including Vent, Vox, or Ved) and
is indicated by ‘‘X’’.
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Our studies further suggest that throughout gastrulation the
coordinated control of vent, vox, and ved expression within the
non-axial mesodermal domain is critical for establishing
multiple mesodermal subdomains (Fig. 7C). This is illustrated
by the regulation of the adaxial expression of myoD: lowering
the expression of vent, vox, and ved shifts non-axial domains in
specific ways. In other words, embryos lacking Wnt8 activity
and having only a single copy of bmp2b experience a global
shift in mesodermal domains and myoD expression (see Fig. 2),
which may be attributable to a simultaneous decrease of vent,
vox, and ved. In contrast, completely removing vent and vox
results in the expansion of both the axial and adaxial domains(see Fig. 4), an effect that correlates with remaining ved
expression.
Wnt8 and BMP2b are also essential to limit the expansion of
tbx24 as tbx24 expands ventrally in wnt8 and swr mutants.
This loss of tbx24 repression occurs in the presence of some
vent, vox, and ved expression in both mutant backgrounds; for
example, a strong ventral expansion of tbx24 is observed in
swirl mutants at a stage that vent, vox, and ved expression
appears relatively normal (Fig. 4 and data not shown).
Similarly, tbx24 is ventrally expanded in vent; vox mutants
despite persistent ved expression. One can thus invoke
additional factors (besides Vent, Vox, and Ved) regulated by
Wnt8 and BM2b that are able to repress tbx24 expression in the
lateral plate and intermediate mesoderm. Further experiments
are necessary to determine the identity of these factors.
Thus, specific combinations or expression levels of Vent,
Vox, and Ved (and possibly other factors) are required for the
establishment of different mesodermal domains, not just the
regulation of dorsal gene expression. Understanding the
requirement for Vent, Vox, and Ved in mesoderm patterning
will require a more thorough understanding of vent, vox, and
ved regulation by Wnt8 and BMP and the correlation between
their expression domains and their impact on non-axial
mesoderm fates.
Mesoderm patterning as a timing problem?
A recurring observation in these studies is that non-axial
mesoderm patterning is a temporally dynamic process: the
regulation of downstream targets by Wnt8 and BMP2b
signaling (and the relationship between Wnt8 and BMP2b;
unpublished) changes during gastrulation. The connection
between timing, signaling activity, and the commitment of a
cell to a particular developmental fate has been a challenging
question in the study of vertebrate mesoderm patterning. The
ability of BMP activity levels to alter patterning has recently
been proposed to be associated with controlling the time at
which responding cells enter a new state of differentiation
(Lane et al., 2004; Hammerschmidt and Mullins, 2002). In this
role, BMP activity may function to prevent responding cells
from adopting a program of differentiation at a specific time.
We have found that, in zebrafish, the primary activity of BMP
in conjunction with Wnt8 is to prevent non-axial mesoderm
from adopting an axial fate at early gastrula stages which may
allow BMP-induced differentiation of non-axial domains at
later stages. The regulation of the vent/vox/ved family of
transcriptional repressors would provide a mechanistic con-
nection between BMP and Wnt8 activity and the antagonism of
the expression of genes that determine specific pathways of
mesoderm differentiation.
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